Chitosan-based molecularly imprinted polymers (CHI-MIPs) were prepared under optimized conditions using chloramphenicol (CAP) as template molecule, acrylamide as functional monomer and CHI as functional matrix. The influences of template molecule and concentrations of functional monomer as well as imprinting conditions on the binding properties of the MIPs were analyzed. The adsorption properties were evaluated by kinetic binding experiments, static binding experiments and Scatchard analysis, which indicated that the synthesized polymers had high binding capacity. Results of competitive recognition studies showed that the imprinting factor of CAP was found to be 7.43, which was much higher than those of its analogues. Solidphase extraction (SPE) using the prepared CHI-MIPs as sorbents was then applied to selectively extract CAP from spiked honey and milk samples. The average recoveries of SPE were in the range of 94.96-100.58% with relative standard deviation less than 5%.
INTRODUCTION
Chloramphenicol (CAP) is an antibiotic that was originally isolated from Streptomyces venezuelae. CAP is reported to be effective against a wide range of Gram-positive and Gramnegative bacteria in both humans and animals. However, CAP has also been proved to be associated with several harmful side effects in humans, such as Grey syndrome, bone marrow suppression and fatal aplastic anaemia (Holt et al. 1993) . Therefore, the use of CAP in foodproducing animals has been banned in many countries (Epstein et al. 1994) . Nevertheless, CAP is still illegally used in animal husbandry because of its broad spectrum of activity, ready availability and low cost. Therefore, there is an urgent necessity to develop a sensitive and reproducible method to regularly detect CAP residues in foodstuff of animal origin (Schirmer and Meisel 2009; Thongchai et al. 2010; Alizadeh et al. 2012) .
The trace-level quantification of organic contaminants in complex matrices usually requires a step of sample pre-treatment (clean-up methods) before instrumental analysis. Solid-phase extraction (SPE) is one of the most popular clean-up techniques due to its advantages of simplicity, time saving and less consumption of organic solvents (Picó et al. 2007 ). However, generic sorbents usually lack selectivity, leading to co-extraction of matrix interferences with the target analytes. A class of selective SPE sorbents is immunosorbent, which depends on reversible and highly selective analyte-antibody interaction. During the past few decades, various immunosorbents have been used for the detection of pesticides, drugs and polyaromatic hydrocarbons, among others, showing an excellent degree of clean-up owing to the inherent selectivity of the antibodies used (Senyuva and Gilbert 2010). However, immunosorbents still have some disadvantages, especially biological antibodies, which are being difficult and expensive to obtain as well as having poor stability.
Molecularly imprinted polymers (MIPs) are synthetic materials with artificially generated recognition sites that are able to specifically rebind a target molecule in preference to other closely related compounds (Beltran et al. 2010; Kryscio and Peppas 2012) . The most common preparation process is as follows: monomers form a complex with a template molecule through covalent or non-covalent interactions and the templates are then joined using a cross-linking agent. The subsequent removal of the template molecule reveals binding sites in the polymer network that are complementary to the template in size, shape and position of the functional groups. Because of their high selectivity, inexpensive preparation, physiochemical stability and applicability in harsh chemical media, there have been increasing publications describing the success of MIP-SPE for the selective extraction of trace compounds from different food, environmental and biological matrices (Dong et al. 2005; Sun et al. 2008; Baggiani et al. 2009; Javanbakht et al. 2009; Cao et al. 2013) .
Chitosan (CHI) is a natural polysaccharide derived by deacetylation of chitin, and has been considered as one of the most promising materials due to its non-toxicity, biodegradability and biocompatibility (Kumar 2000) . The presence of free amino and hydroxyl groups on its polysaccharide chain provides the flexibility for structural modifications and for developing novel materials and sorption systems, and it is, therefore, interesting not only as an abundant resource but also as a novel type of functional material (Kumar 2000; Rinaudo 2006) . However, only a limited number of studies are available regarding the synthesis of MIPs using CHI as functional polymer (Monier and El-Sokkary 2010; Kyzas et al. 2013) . In this study, we describe the synthesis of MIPs specific to CAP using acrylamide-grafted CHI as matrix and its application in the clean-up of complex matrices. The parameters of polymerization and the binding behaviours of the MIP adsorbents including kinetic and static properties were investigated. The performance of the developed MIP-SPE for the clean-up and pre-concentration of CAP from real samples was also tested.
MATERIALS AND METHODS 2.1. Chemicals
CHI with an average molecular weight of 100 kD and a deacetylation percentage of approximately 93% was purchased from Golden-Shell Biochemical Co., Ltd. (Yuhuan, China). CAP, erythromycin (ERM), tetracycline (TCN), glutaraldehyde and ethylene glycol dimethacrylate (EGDMA) were supplied by Sigma-Aldrich (St. Louis, MO, USA). High-performance liquid chromatography (HPLC)-grade methanol was obtained from Fisher Scientific, Inc. (Pittsburgh, PA, USA). All other chemicals were of analytical grade and supplied by Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Synthesis of MIPs
CAP-imprinted polymers were synthesized as reported previously but with some modifications (Kyzas et al. 2013; Wang et al. 2014) . First, 0.4 g of acrylamide and 0.1 g of CAP were dissolved in 10 ml of ethyl acetate, and then 1 ml of EGDMA, which acts as a cross-linker, was added to the aforementioned solution. After mechanically stirring the mixture for 30 minutes, the resultant solution was then mixed with 30 ml of a CHI solution (1.5%, wt/vol) dissolved in 2% acetic acid aqueous solution (vol/vol). Subsequently, 50 ml of liquid paraffin containing 0.3 ml of Span 80 was added into the mixture and stirred at 40 °C for 30 minutes. After adjusting the pH to 9.0 by adding 2M NaOH, 0.8 ml of glutaraldehyde (50%, vol/vol) was added into the mixture and stirred for another 3 hours. To remove the template molecules and the polymer residues, the prepared CHI-based MIPs (CHI-MIPs) were extracted in a Soxhlet apparatus using a mixture of methanol/acetic acid (9: 1, vol/vol) for 10 hours. To investigate the influence of synthesis conditions on the binding properties of the MIPs, various molar ratios of CAP (template) to acrylamide (functional monomer), ranging from 1:5 to 1:25, and volume ratios of ethyl acetate to acetic acid aqueous solution (porogen content), ranging from 2:1 to 1:6, were examined through the rebinding capacity of the prepared MIPs. CHI-based non-imprinted polymers (CHI-NIPs) were prepared with the same procedure in the absence of template molecule.
Binding Property Characterization
To investigate the binding properties of the prepared CHI-MIPs, kinetic adsorption experiments, static adsorption experiments and Scatchard analysis were performed.
Kinetics Adsorption
Kinetic experiments were performed by mixing 150 mg of CHI-MIPs with 10 ml of 0.8 mg/ml CAP dissolved in 10% methanol. Immediately after mixing, the mixture was incubated by shaking for 1 hour at room temperature (25 °C) to facilitate the adsorption of CAP onto the polymers. Samples were collected at fixed intervals (10-60 minutes) and analyzed by the HPLC method. The same experiments were performed for the respective CHI-NIPs.
Static Adsorption
The effect of initial CAP concentrations on the adsorption capacity of the CHI-MIPs was determined by contacting 150 mg of polymers with 10 ml of CAP solution (concentration varied from 0.1 to 1 mg/ml) in a 15-ml glass flask. Immediately after mixing, the mixture was incubated by shaking for 1 hour at room temperature, following which aliquots of the supernatant were collected, and the CAP was quantified by HPLC. The static adsorption capacity (Q) was calculated according to the following equation:
(1) where V is the volume of the solution, m is the mass of CHI-MIPs, C i and C f are the initial and the equilibrium concentrations of CAP, respectively.
Scatchard analysis was also used for evaluating the adsorption of CHI-MIPs and CHI-NIPs according to the following equation:
where Q is the amount of CAP bound to polymers at equilibrium, Q max is the apparent maximum adsorption capacity, Q s is the free CAP concentration at equilibrium and K d is the dissociation constant. The values of K d and Q max could be calculated from the slope and intercept of the linear curve plotted at Q/Q s versus Q. The same experiments were performed for the respective CHI-NIPs.
The imprinting factor (IF) and selectivity coefficient (SC) were used to evaluate the selectivity property of MIPs and NIPs towards MA and its close structural analogues (ERM and TCN). The IFs and SCs were calculated by the following formulae:
(3) (4) where K i and K c represent the ratio of adsorbed analyte by polymers (MIPs and NIPs) to the analyte remaining in the solution at equilibrium; IF CAP and IF i are the IFs for CAP and the other two analogues, respectively.
Optimization of MIP-SPE Conditions
Approximately 100 mg of CHI-MIPs were packed into an SPE cartridge. Approximately 1 mg of CAP dissolved in various solutions including 50%, 30%, 5% methanol and 5% methanol in phosphate-buffered saline was loaded onto the cartridges, respectively. After thorough washing with distilled water, the adsorbed CAP was released from the polymers using different eluents including 50%, 100% methanol, 10% acetic acid/methanol and 20% acetic acid/methanol with various volumes ranging from 1 to 5 ml. The CAP in flow-through and eluate were quantified by HPLC, and the binding and releasing efficiencies were used to evaluate the SPE conditions.
Analysis of CAP in Spiked Samples
The milk and honey samples used in this study were purchased from a local market near Jiangsu University, China. The milk samples were deproteinized as previously described (Shi et al. 2007; Alizadeh et al. 2012) , with modifications. In brief, 5 ml of milk was transferred into a 10-ml polypropylene tube and spiked with CAP to a final level of 1 and 10 ng/g. Then 2 ml of 20% trichloroacetic acid aqueous solution (wt/vol) was added to these milk samples for protein precipitation. The mixture was vortexed for 2 minutes and centrifuged at 4000 rpm for 10 minutes. The supernatant was collected and filtered through a 0.45-mm microfilter, followed by complete evaporation. The residue was redissolved in 1 ml of methanol and then loaded onto the SPE cartridge. Under the optimal SPE conditions, the eluate was collected and the CAP content was measured to evaluate the efficiency of MIP-SPE clean-up.
For the treatment of honey sample, 1.0 g of homogenized honey was added into a 10-ml polypropylene tube and spiked with CAP at the final concentration of 1.0 or 10.0 ng/g (Schirmer and Meisel 2009) . To this mixture, 5 ml of ethyl acetate was added and stirred for 15 minutes. After centrifuging at 8000 rpm for 15 minutes, the supernatant was collected and
evaporated to dryness. The residue was redissolved in 1 ml of methanol before being loaded onto the SPE cartridge.
HPLC Analysis
The HPLC analysis was performed using a Shimadzu SPD-M20A HPLC system equipped with a LC-20AT pump and an SPD-M20A photodiode array detector. The analytes were separated in a Shim-pack VP-ODS C 18 column (250 ¥ 4.6 mm, 5 mm) kept at 25 °C. The mobile phase was acetonitrile/water (80:20, vol/vol) and the flow rate was 0.7 ml/minute. Aliquots of 20 ml were injected into the column and the chromatograms were recorded at 250 nm.
RESULTS AND DISCUSSIONS 3.1. Synthesis of CAP-Imprinted Polymers
The aim of this work is to obtain MIPs with specific recognition ability and high binding capacity of CAP while keeping non-specific interactions as low as possible. Therefore, experiments were performed to examine the optimal molar ratio of template to functional monomer as well as the porogen content with the objective of maximizing rebinding capacity. It can be seen in Figure 1 that the more CAP initially used in the polymerization mixture, the more binding sites were formed, which were able to act as active sites for binding new target molecules. It also revealed that the prepared CHI-MIPs had the maximum rebinding capacity when the molar ratio of CAP:acrylamide was 1:20 [ Figure 1(a) ]. The presence of excessive template molecules leads to the relative lack of functional monomers and polymer groups and the decline in rebinding capacity. The strength of non-covalent interactions was highly determined by the porogen, which also influenced polymer morphology, being responsible for creating the pores in porous polymers (Masqué et al. 2001; López et al. 2012) . Figure 1(b) showed the relationship between rebinding capacity of obtained MIPs and porogenic solvents, and it clearly indicated that the maximum rebinding capacity of the CHI-MIPs was obtained when the volume ratio of ethyl acetate:acetic acid aqueous solution was 1:2. Figure 2 presented the adsorption kinetics of CAP onto CHI-MIPs and CHI-NIPs. As can be seen from the figure, the amount of CAP bound to the MIPs was much higher than that bound to the NIPs and the binding equilibrium was achieved within 40 minutes. The adsorption rate was relatively fast, which could be probably due to the groups of the MIPs structure with high complexation potency (Kyzas et al. 2013) .
Binding properties of CHI-MIPs

Kinetic Adsorption
Static Adsorption and Scatchard Analysis
The static binding properties of CHI-MIPs were measured with the initial concentrations of CAP in the range of 0.1-1 mg/ml. As shown in Figure 3(a) , the amount of CAP bound to the MIPs increased along with the increasing of initial concentration of CAP when it was below 0.4 mg/ml; the adsorption capacity curve became relative flat and reached binding saturation at high CAP concentration. The results also indicated that the amount of CAP bound to MIPs was much higher in comparison with that of NIPs, indicating that large amounts of CAP-specific binding sites were generated during the imprinting process. The Scatchard model was a common method used to evaluate the adsorption properties of MIPs. As shown in Figure 3(b) , the Scatchard plot for CHI-MIPs was not a single linear curve, but consisted of two linear parts with different slopes, which suggested heterogeneous binding sites with respect to the affinity for CAP. The linear regression equations for the slope of biphasic curve 326 Yadan Wang et al./Adsorption Science & Technology Vol. 32 No. 4 were Q/Q s = 286.57 -61Q and Q/Q s = 167.15 -2.79Q, respectively. The dissociation constants (K d ) of 0.016 and 0.358 mg/ml, and the apparent maximum binding capacities (Q max ) of 4.4 and 59.85 mg/g could be obtained according to the slopes and the intercept of the linear equilibrations. The binding of CAP onto CHI-NIPs was also analyzed by the Scatchard method and the results revealed that only one binding site existed. The K d (0.447 mg/ml) and Q max (10.24 mg/g) can be similarly calculated from the fitting linear equation (Q/Q s = 125.92 -16.53Q). The specific affinity and binding capacity of CHI-NIPs for CAP were much lower than those of CHI-MIPs. 
Selectivity
The binding specificity of the prepared CHI-MIPs was evaluated by the experiment of simultaneous adsorption of imprinting molecule in the presence of its analogues, ERM and TCN. As shown in Table 1 , the binding amount of CAP to CHI-MIPs was much higher than that of ERM and TCN. This observation might be explained by the fact that because the structure of the analogues is not complementary to the imprinted cavities in the MIPs produced by the CAP molecular imprinting, the interaction of ERM or TCN with the binding sites is expected to be weaker than that of CAP, which leads to low binding capacity. Moreover, the calculation of SCs indicated that the imprinted polymers were specific to the template molecule and approximately five times that of the non-imprinted ones. Therefore, the higher binding capacity of CHI-MIPs may be attributed to the shape-selective fitting of CAP into complementary cavities created on the MIPs during the imprinting procedure.
Molecularly Imprinted SPE of CAP from Spiked Real Samples
The synthesized CHI-MIPs were packed into an SPE cartridge to evaluate their possible application as sorbents in manual SPE for the selective extraction of CAP. To optimize the chromatographic extraction conditions, the influences of different loading, washing and eluting solvents on the extraction efficiency were investigated. The highest recovery was achieved using 5% methanol, 10% methanol and 10% acetic acid/methanol as loading, washing and eluting solvent, respectively. Under the optimized extraction conditions, the effect of the matrix on the retention of CAP was investigated by MIP-SPE of honey and milk samples spiked with CAP at the levels of 1.0 or 10.0 ng/g. The chromatograms for spiked honey and milk samples with or without MIP-SPE clean-up are shown in Figure 4 . As it can be seen, a number of interfering peaks were removed and the baseline separation of the CAP peak from sample matrices was achieved after MIP-SPE clean-up. Quantitative analysis revealed that the average recoveries of CAP from the fortified samples ranged from 94.96% to 100.58%, with relative standard deviation (RSD) less than 4.32% (Table 2) . Compared with a previous report (Chen et al. 2008) , in which the recovery was achieved in the range of 89.5-91.7% with an RSD less than 5.1% using a dispersive liquid-liquid microextraction of CAP from spiked honey samples, the newly established MIP-SPE clean-up method provided a higher extraction efficiency and reproducibility. All these data indicated that the CHI-MIPs prepared in this work could be effectively applied for clean-up of CAP in real samples. 
CONCLUSIONS
In this work, MIPs selective for CAP were synthesized using CHI as matrix, acrylamide as functional monomer and EGDMA as cross-linker. The obtained CHI-MIPs exhibited high binding capacity, good recognition and selectivity of the template molecule, as confirmed by its adsorption behaviour. In addition, the binding selectivity of the synthesized polymer was tested against structurally related compounds. Furthermore, a method for selective extraction of CAP using the MIPs as SPE sorbents was developed and successfully applied to clean-up and pre-concentration of CAP from honey and milk samples with simple procedures and high efficiency, which simultaneously greatly increase sensitivity of conventional chromatographic methods. Therefore, the proposed MIP-SPE method could be a useful tool for analytic purposes.
